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Introduction
Polymer photovoltaic devices represent one promising and challenging alternative in the pursuit for new renewable sources of electrical energy. In recent years of research in the field of materials science, both conjugated polymer [1] and small molecule [2] based solar cell concepts have been developed.
The operating principle of organic solar cells is based on the photoexcitation of the organic absorber material consisting of a donor/acceptor mixture, creating an exciton, which is subsequently dissociated at the donor/acceptor interface. The process takes place within an ultrashort time interval (approximately 45 fs in the case of poly(2-methoxy-5-{3´,7´-dimethyloctyloxy}-p-phenylene-vinylene)(MDMO-PPV):PCBM blends [3] ), by orders of magnitude elapsing faster than other competitive recombination processes like photoluminescence [4] . The highest energy conversion efficiency reported so far in the literature is between 2.5% and 3.5% [5, 6] . The optimum overall performance of a polymer solar cell can be achieved via balancing the various requirements on light absorption, photogeneration, transport, and extraction of charge carriers. Among the materials investigated so far, poly(3-hexylthiophene) has demonstrated promising physical properties, for example, a good stability, reasonably high hole mobility in the range of 10 -3 cm 2 V -1 s -1 [7] and a field effect mobility which can be as high as 0.1-0.2 cm 2 V -1 s -1 in high quality samples [8] [9] [10] . The process of thermal annealing has been demonstrated to considerably increase the efficiency of P3HT based light emitting diodes [11] and solar cells [6] . As a result of heating, the morphological structure of the organic active layer can be improved by reducing the free volume and the density of defects at the interface during evaporation of the solvent [11] and by enhancing interchain interactions [12] . In a bilayer structure, interdiffusion between the donor and the acceptor was observed [13] . In this way, the acceptor molecule may enter the exciton diffusion radius of the polymer, resulting in a highly efficient charge separation. Thermal annealing of polymer-polymer donor-acceptor blends with subsequent exposure to solvent vapour led to a significant increase of the charge carrier photogeneration efficiency [14] . Lee et al [15] reported on the positive influence of subjecting the polymer film to heat treatment to enhance the quantum efficiency of charge generation due to the change of morphology at the interface between polymer and electrode.
The way thermal annealing has been applied varies in the literature, and different effects are reported. It is well known that P3HT crystallizes as a result of thermal annealing, which can have a positive effect on the transport of holes [16] . Other experimental investigations that refer to polythiophene copolymers indicate a strong increase in the external quantum efficiency of photogenerated charge carriers when performing thermal annealing under chloroform vapour [17] . Mild thermal treatment, i.e., for a period of 30 min at a temperature of 55 °C [18] subject to P3HT:fulleropyrrolidine based solar cells, leads to an overall power conversion efficiency of 0.6%, while in the case of P3HT:PCBM based solar cells a thermal treatment of 4 min at 75 °C, together with an applied voltage of 2.7 V, reportedly yielded an efficiency of 3.5% at a white light illumination intensity of 80 mW cm -2 [6] . Furthermore, at temperatures higher than 100°C, the content of O 2 in P3HT could no longer be detected due to a dedoping process, and the organic absorber became protected against deterioration [19] .
All those experiments clearly demonstrate that there is a demand for additional studies to clarify the effects of thermal annealing and the evaluation of an optimum set of the crucial treatment parameters, annealing time and temperature.
In the following, the influence of thermal annealing on P3HT based solar cells is looked at via interpreting the measurements of the absorption spectrum, the external quantum efficiency of photogenerated charge carriers (EQE), and the current density-voltage (J-V) characteristics. Based on results obtained from atomic force microscopy (AFM), the 1318 role played by the acceptor PCBM in the morphology and the electrical performance of P3HT:PCBM based solar cells will be elucidated. In our studies, the optimum annealing temperature was found to be 130 °C with an annealing time of 20 s.
Experimental details
For the preparation of polymer solar cells, we have taken regioregular poly(3-hexylthiophene 2.5 diyl) (P3HT) as an electron donor, combined with the fullerene derivative [6, 6] -phenyl-C 61 butyric acid methyl ester (PCBM), a methanofullerene, as an acceptor, upon varying the P3HT:PCBM composite weight ratio from 1:0.7 through 1:0.8, 1:0.9, 1:1, 1:1.5, and 1:2 to 1:3. This corresponds to a PCBM weight percentage of 41%, 44%, 47%, 50%, 60%, 67%, and 75%, respectively. The chemical structures of the materials investigated and the mechanism of charge carrier generation are indicated in figure 1 .
Regioregular P3HT synthesized following the Rieke procedure [20] was purchased from Rieke Met. Inc. The synthesis of the PCBM has been described elsewhere [21] . Those organic materials were used as received, without further purification.
Bulk heterojunction ITO/PEDOT-PSS/P3HT:PCBM/Al solar cells were produced in the following way: the indium tin oxide (ITO) coated glass substrate (purchased from Merck AG with a surface resistance of 20 Ω sq -1 ) was cleaned in standard solvents and dried in a nitrogen flow. Afterwards, the O 2 plasma etched ITO substrates were spin-coated with a thin layer of poly(3,4 ethylenedioxythiophene)poly(styrenesulfonate) (PEDOT-PSS) purchased from Bayer AG. After drying the PEDOT-PSS coated substrate for a period of about 30 min on a hot plate at a temperature of 100 °C, a thin layer of the active organic absorber P3HT:PCBM was applied on top of the substrate. The solution of P3HT:PCBM was prepared in chloroform, heated and stirred for more than one day at 50°C. Finally, Al electrodes (thickness 100 nm) were thermally evaporated on the organic active layer under high vacuum conditions at an evaporation rate of 0.2-0.5 nm s -1 . The preparation of the active layers was performed in an inert gas atmosphere inside the glove box.
The thermal annealing procedure was accomplished by placing the solar cells on a hot plate at 130 °C for a period of 20 s under nitrogen atmosphere. The actual temperature of the hot plate was monitored by using a thermoresistor. According to Zhao et al [22] , the glass transition and the melting point temperatures of P3HT are 12 and 178°C, respectively, whereas Chen et al [20] determined a melting temperature of 240-245°C for head-to-tail regioregular P3HT, while no indication for a glass transition temperature was given. However, it is difficult to rely on a certain value without calorimetry measurements made on the particular material used. The effect of thermal annealing has been observed already at 75 °C in our case.
J-V curves of the P3HT:PCBM based solar cells were recorded by an Advantest TR 6143 source-monitor unit with the samples being placed in a liquid nitrogen cooled cryostat. A 150 W xenon lamp (Osram XB0 150 W/XBR) was utilized as an illumination source, with a water filter located inside the light path, in order to reduce the infrared part of the spectrum. The light intensity was calibrated at 100 mW cm -2 inside the cryostat at the sample position.
The absorption spectrum of the P3HT:PCBM organic layer taken before and after the annealing procedure was measured by a Varian Cary 5E UV-VIS spectrometer. Monochromatic incident photon conversion efficiency spectra (EQE) were recorded using a lock-in based set-up equipped with a calibrated Si/Ge photodiode as reference detector. The light originating from the halogen and xenon lamps was spectrally dispersed to cover the range of wavelength from 250 to 1000 nm.
AFM images have been taken with a Digital Instruments Vecco microscope operated in the tapping mode. 
Results and discussion
Absorption spectra of the pure components (P3HT, PCBM) and their mixture (P3HT:PCBM) were investigated before and after thermal annealing. As a result of the latter, almost no change was observed in the case of pure PCBM ( figure 2(a) ). Also in the case of pure P3HT (figure 2(b)), no change in absorption spectrum after annealing can be seen, just a small increase in the absorption intensity. In case of the P3HT:PCBM mixture (figure 3), two peaks are distinguished in the absorption spectrum of the nontreated film. The peak around 335 nm stems from PCBM, while the peak at 440 nm represents the contribution of P3HT. Upon annealing, the PCBM peak remains unchanged, whereas in the region of P3HT absorption a pronounced red shift becomes evident (the peak at 440 nm in the case of the nontreated cell shifts to 507 nm after 1 h of thermal annealing). The absorption band edge shift is even larger; it exceeds 100 nm. The apparent modification of the P3HT:PCBM absorption spectrum can be attributed to the particular thermochromic properties of P3HT and to the molecular diffusion of PCBM in the polymer matrix [23] . This issue will be addressed later on. After one hour of thermal annealing, the overall absorption spectrum of the P3HT:PCBM film looks different compared to the untreated case, i.e., the region around the absorption peak of P3HT extends towards longer wavelengths, and also the height of the peak increases. The absorption shoulder around 620 nm supposed to result from interchain interactions [12] becomes higher and more pronounced.
The external quantum efficiency of photogenerated charge carriers is given by the ratio between the number of electrons produced in the outer circuit and that of incident photons without taking into account the reflection and transmission. is obtained for much lower concentration of the fullerene acceptor. Interestingly, the same tendency in the weight ratio dependence of the EQE spectra of treated and untreated P3HT:PCBM based cells can be observed (not shown). So far, the following conclusion that is relevant for the effect of thermal annealing can be drawn: in all cases, EQE strongly increases after thermal annealing, the most pronounced enhancement being achieved for the P3HT:PCBM based solar cell with a PCBM weight percentage of 50%. To make clear that this effect is not simply due to increased fraction of the photosensitive component (in our case P3HT), we further decreased the concentration of PCBM (see below).
The question arises of the relevance of the morphology for the device performance. As previously mentioned for PPV:PCBM based devices, the most efficient cell was fabricated by taking a weight ratio of MDMO-PPV:PCBM = 1:4, i.e., with 80% PCBM [5] . Martens et al [24] and later on van Duren et al [25] have demonstrated that phase separation in MDMO-PPV:PCBM sets in at 50% PCBM, leading to an improved electron transport, a reduced recombination, and hence to an optimum performance at 80% PCBM. Above 50% PCBM, the domains of rather pure PCBM are formed in a matrix of a non-phase-separated blend. We note that no annealing has been applied to the blends discussed in the above mentioned papers. In the case of polythiophene:fullerene based solar cells, the optimum ratio of donor and acceptor is unclear. Dittmer et al [26] , working on P3HT:perylene dye blend based solar cells, pointed out that perylene crystal domains are formed and become larger with increasing dye concentration. Thermal annealing of blends leads to a further increase of crystalline perylene domains in size, positively influencing the solar cell performance. At 80% of perylene dye in the blend, a maximum external quantum efficiency was obtained. Whereas the small perylene domains act as electron trap centres, direct electron transport paths are formed upon increasing the crystal size and, hence, the photocurrent becomes larger.
From these experimental findings, we conclude that control over the phase separation is not only governed by the acceptor concentration itself, but is strongly influenced by the thermal annealing, too.
We have performed AFM measurements, in order to understand the morphological differences that were introduced by varying the amount of PCBM in the blend. Figure 5 shows the images (phase) taken on the absorber (a), (c) and metal electrode (b), (d) surfaces of real devices fabricated with 50% and 75% PCBM, respectively. Based on the images displayed in figure 5 we realize the following: due to thermal annealing, PCBM crystallizes via forming relatively large clusters in the P3HT:PCBM mixture, the vertical extension of which sometimes surpasses 500 nm. When comparing the surfaces of P3HT:PCBM based solar cells with the PCBM concentration of 75%, 67%, 60%, and 50%, both density and size of the crystal grains are larger for 75% and 67% PCBM, whereas they strongly decrease in the other two cases. Towards the weight percentage of 50%, the pattern of the PCBM crystals changes from a star aspect to isolated small clusters.
AFM images taken on the aluminium contact surface of the cell in figures 5(b) and (d) demonstrate that PCBM clusters grown on the polymer surface are not suppressed by the coating metal layer. Furthermore, the metal electrodes develop a wavy structure. The latter is spontaneously formed due to the difference in the thermal expansion coefficients of the organic and the metal layer attached to each other. A similar wavy aspect of the aluminium electrode has been recognized in the case of annealed polyfluorene light emitting diodes; however, the annealing was done before evaporating the aluminium electrodes [27] , and on heat-treated metalpolymer bilayers [28] .
Generally, the phase separation within the blend starts already in the solution, but is interrupted for the moment by the film formation during the spin coating process. The spin coated film represents a frozen-in picture. The thermal annealing procedure allows for further modifications of the morphology of PCBM:P3HT blends, as the thermodynamically driven phase separation goes on. Heating at a certain annealing temperature above the glass transition point (T g ) of the polymer, the organic compounds (in our case fullerene) may diffuse in the polymer matrix, aided by the increasing of the free volume of the latter. By cooling down to the initial temperature, the free volume decreases, freezing in the morphology again. Depending on the duration and the concentration, PCBM crystal domains are built up. It should be emphasized that the above thermally induced diffusion does not involve a chemical reaction between P3HT and PCBM. The relevant effect we assume is the formation of the structurally better ordered P3HT phase with the stronger interchain interaction [12] . Evidence for the latter can be derived from the shape of the absorption spectrum of the P3HT:PCBM blend (see figure 3 ). There, we observe a clear and distinct red shift in the spectrum of the annealed mixture. Of particular note remains the significant increase in the absorption peak of P3HT following the course of annealing relative to the untreated case. Such an effect might be due to some modification of the ordering within the polythiophene phase. Before annealing, polythiophene is present in a less planar, so-called 'yellow phase' caused by a large amount of the 'hindering' fullerene in the blend, with an absorption maximum around 450 nm. (Note that the PCBM absorption contributes to the overall absorption in this range, too ( figure 2(a) ), however, it is much smaller.) During annealing, the more planar backbone structure of the P3HT is formed ('red phase') in the course of the molecular diffusion of PCBM. In the case of pure P3HT ( figure 2(b) ), the red phase with its characteristic absorption (maximum at 560 nm) and partially resolved vibronic structure is formed already during the spin coating procedure.
In order to confirm the hypothesis of improving the energy conversion efficiency 4 of the solar cell by optimizing the amount of PCBM, a series of ITO/PEDOT:PSS/P3HT: PCBM/Al devices was produced with the following PCBM concentrations: 41%, 44%, 47%, 50%, 60%, 67%, and 75%. The current density-voltage measurements shown in figure 6 were performed in the dark ( figure 6(a) ) and under white light illumination (100 mW cm -2 ) (figure 6(b)) at T = 295 K. It becomes obvious that the diode characteristics improve as the PCBM concentration decreases. The main electrical parameters corresponding to the most efficient device in each category are summarized in table 2. 4 The energy conversion efficiency of a solar cell is expressed by η = JSC × VOC × FF/PLight , where JSC is the photocurrent density corresponding to the short circuit conditions, where photocurrent flows but no voltage is generated, VOC is the voltage corresponding to the open circuit conditions, i.e., the voltage is generated but no photocurrent flows, FF is the fill factor given by the ratio JSC × VOC/JMPP × VMPP, where MPP indices correspond to the maximum power point of J-V characteristics in the fourth quadrant, and PLight is the incident light power density. The functional dependence of the main device parameters, i.e., their mean values together with the standard deviations for 43 devices investigated, upon variation of the PCBM concentration, is summarized in figure 7 . Obviously, the reduction of the amount of PCBM in the organic mixture has a positive effect on the short circuit current density, and, therefore, the overall power conversion efficiency of the solar cell. No influence on the open circuit voltage has been observed. A maximum fill factor of 63% is measured on the device with a PCBM weight percentage of 50%. At a PCBM concentration below 47% a gradual decrease of the J SC is seen. We conclude the device performance to be sensitive against the PCBM concentration with a maximum in the range of 47-50%. The poor performance of the 67% and 75% PCBM based devices may be attributed to the formation of PCBM clusters.
The spatial distribution of the thickness of the PCBM:P3HT layer, subject to annealing is extremely inhomogeneous and was found to depend on the PCBM concentration. The overall thickness of the active organic layer varies from less than 100 nm in the amorphous regions to up to 500 nm in the areas where the PCBM clusters are formed. The formation of a cluster in the device areas under the metal electrodes introduces significant mechanical stress on the latter. Figure 8 represents a photograph of three analysed P3HT:PCBM based devices with PCBM weight percentages of 50% ( figure 8(a) ), 67% ( figure 8(b) ), and 75% ( figure 8(c) ), respectively, taken with a digital camera. Therefrom, it is interesting to note that cracks on the aluminium electrodes result from PCBM crystal domains grown under the metal electrode. The cracks are much larger at higher PCBM concentration. AFM images of the areas indicated as bright spots in the figures 8(a)-(c) are given in figure 8(d) (50% PCBM) and 8(e) (75% PCBM). The patterns observed are very similar to those found on the absorber surface (see figure 5) . From this finding, we conclude that thermal annealing of blends with a high PCBM concentration has a negative effect on the device performance due to the damage of the metal electrode. The following physical picture can be drawn. Light absorption by P3HT:PCBM composites followed by charge transfer, delocalization, and transport of charge carriers within the bulk heterojunction is sensitive to the amount and size of PCBM clusters. Too low PCBM concentration (below a weight percentage of 47%) does not enable the required formation 5 The series resistance includes the bulk and the contact resistance and is given by the slope of the I-V curve at higher voltages. The sum of the series and parallel resistance is given by the slope of the I-V curve at lower voltages, towards 0 V, when the cell operates in the short circuit regime. The series and parallel resistances were calculated according to the formula RS = (dV/dI)V ∞ , RS + RP = (dV/dI)V 0 .
of the percolated electron transport paths. In contrast, too high PCBM concentration (above 60%) leads to a partial damage of the absorber-metal interface due to the formation of voluminous PCBM clusters. The driving force and the physical mechanism behind the PCBM cluster growth are thermal annealing and molecular diffusion, respectively. We suggest that the optimum PCBM concentration in the blend is in the range of 50%. The fullerene surplus at higher concentrations is no longer homogeneously dispersed within the polymer matrix, but diffuses away and creates phase separated clusters. Apart from the PCBM concentration in the blend, further essential parameters, namely, the annealing temperature, the duration, and the solution concentration, are important. The conclusions of the present work are valid for the particular annealing and preparation conditions used.
Conclusion
We have analysed the consequences of thermal annealing on ITO/PEDOT:PSS/P3HT:PCBM/Al photovoltaic devices. The overall message resulting from these experiments is that, in spite of a considerable increase in the short circuit current density due to heat treatment, a large amount of PCBM in the P3HT:PCBM based devices does not automatically imply a higher energy conversion efficiency. In our experimental study, the PCBM concentration in the bulk heterojunction P3HT:PCBM composites has been optimized to approximately 50%, the critical value of which stems from the mutual interplay between an efficient generation of mobile charge carriers via photoinduced charge transfer, on the one hand, and an efficient carrier transport, less affected by recombination processes, on the other hand.
